We compared the timed performance and compensatory movements of 32 boys (mean age ¼ 10.0 years) with Duchenne muscular dystrophy (DMD) and 38 healthy boys (mean age ¼ 9.2 years) on 10 -meter walking and four-step stair work (climbing and descending). Dependent measures were digital scores on the Functional Evaluation Scale for DMD obtained by watching the boys on film. Groups were compared initially and after 6 and 12 months, using General Linear Models analysis (for two groups and three assessments). Results showed no significant timed performance differences between groups on 10 -m walking at the initial assessment; but boys with DMD showed longer times after 6 and 12 months, and boys with DMD engaged in more compensatory movements while walking. For stair climbing, boys with DMD were significantly slower than healthy controls when both climbing and descending steps in all assessments.
Introduction
Duchenne muscular dystrophy (DMD) is the most common childhood neuromuscular disease and requires neurological, orthopedic, cardiac, and respiratory therapeutic monitoring and rehabilitation. Interventions for both primary and secondary impairments are needed to enhance quality of life and maintain functional abilities for as long as possible (Bushby et al., 2009 (Bushby et al., , 2010 Manzur & Muntoni, 2009 ). New therapies have contributed to less severe progression and survival until the fourth decade of life, and there is now an associated need for regular functional performance measures for DMD symptoms (Bushby et al., 2009 (Bushby et al., , 2010 Manzur & Muntoni, 2009; Mercuri et al., 2008) .
Muscle weakness, DMD's primary symptom, causes contractures, joint deformities, and gait impairment (Carvalho, Hukuda, Escorcio, Voos, & Caromano, 2015; Martini, Voos, Hukuda, Resende, & Caromano, 2014) , frequently leading to wheelchair dependence by 10 to 14 years of age (Carvalho et al., 2015; Gaudrealth, Gravel, & Nadeau, 2009 ). Life expectancy is more strongly related to the age when a child begins wheelchair use than to first symptoms onset (Nazifi, Yoon, Beschorner, & Hur, 2017) , meaning that early gait loss denotes worse outcomes.
Functional abilities and timed performance are reliable outcome measures (Carvalho et al., 2015; Mercuri et al., 2008) that reflect the degree of functional independence and mark muscle weakness progression more clearly than isolated muscle strength tests (Carvalho et al., 2015; Martini et al. 2014) . With muscle weakness progression, both timed performance and compensatory movements increase. Compensatory movements are alternative movements performed when ordinary movements associated with a functional activity have become impossible, due to muscle weakness (Martini et al. 2014 ). Due to diminished motor efficiency, patients with DMD employ compensatory movements to maintain timed performance and the ability to perform a given task. Environmental characteristics and task differences synergistically combine (Nazifi et al., 2017) to yield differential effects on timed performances.
In previous studies, we described some of the compensatory movements children with DMD exhibit during stair work (climbing up and down steps). The most frequently observed compensatory movements were upper limbs support on lower limbs and handrails, lumbar hyperlordosis, trunk support on handrail, equinus feet, increased base of support, and nonalternated and paused descent (Martini et al., 2014) . Stair work assessment is relatively fast and simple, and the score and timed performance correlated positively with gold-standard tools such as Vignos scale and Gowers' test, though in earlier studies, there were few children participating and no control groups (Martini et al., 2014 (Martini et al., , 2015 , leaving a need for normative data to guide research and clinical practice.
In the present research, we studied 9 -to 10-year-old boys with and without DMD during walking and stair work activities and measured their skills over a 1-year follow-up period. Walking and stair work tasks require antigravity and eccentric motor control, and we were interested in which of four possible progressive outcomes for task performance we might see among children with DMD over this 1-year period:
a. maintenance-level timed performance and compensatory movements, corresponding to a nonsignificant increase in muscle weakness; b. maintenance-level timed performance but increased compensatory movements, suggestive of a higher energetic demand and possible musculoskeletal impacts with maintained motor efficiency despite increased motor weakness; c. slower timed performance and maintenance-level compensatory movements, suggesting decreased motor efficiency from increased muscle weakness; d. both slower timed performance and increased compensatory movements due to increased muscle weakness.
Apart from any progressive changes in the performance of children with DMD after 1 year, compared with their own initial performances, we also sought to describe and compare the timed performance and number of compensatory movements of boys with DMD versus same-aged healthy controls.
Method

Participants
This study was approved by our Institution Ethics Committee. Parents or legal representatives of all children (from both DMD and control groups) gave informed written consent, and all children gave informed assent. We recruited 70 participants (aged 7-14 years); the DMD group (n ¼ 32; age ¼ 10.0 AE 1.9) was recruited from Centro de Pesquisa sobre o Genoma Humano e Ce´lulas Tronco (CeGH-Cel) in Sa˜o Paulo-SP, Brazil, and the control group (n ¼ 38; age ¼ 9.2 AE 1.6 years) was from State Elementary Education School Professora Clorinda Danti in Sa˜o Paulo-SP, Brazil.
Inclusion criteria for the DMD group were: (a) diagnosis by DNA analysis, (b) a Vignos classification between 1 and 3 in the first assessment, (c) on corticosteroid therapy, prescribed according to international consensus (Bushby et al., 2009 (Bushby et al., , 2010 , (d) other neurologic or orthopedic dysfunctions, and (e) ankle-foot orthoses prescribed at night. Any children with orthotic prescription for walking (though atypical for those classified as Vignos 1-3; Vignos, Spencer, & Archibald, 1963) were excluded. Additional final inclusion criteria for data analysis, for both DMD and control groups, was a complete data set of films of the boys' 10 -m walking, and for climbing up and down four steps. We also required all participants to have a body mass index below 30. Exclusion criteria for the control group were any orthopedic/neurologic dysfunction.
Procedure
Video recording. Each child was video recorded while engaged in 10 -m walking and four-step stair work (climbing and descending) at three time intervals: (a) A0, initial assessment; (b) A6, after 6 months; and (c) A12, after 12 months. We selected walking and climbing up and down steps because they involved reciprocal lower limbs movements, with alternating phases of stance and swing. We hypothesized that these tasks would show the typical DMD proximal muscle weakness, beginning in the pelvic girdle or lower limbs, but that each task presented distinct environmental demands of walking on flat ground for 10 m, climbing up four steps, and climbing down four steps (17 cm high and 25 cm long). New compensatory movements are usually evident in children with DMD to compensate for muscle weakness on these tasks. We obtained nine video recordings for each child (one at each assessment interval), on walking and stair work performances, totaling 288 videos for the DMD group and 342 videos for control group. Both groups were engaged in the same task performance in the same size corridor and steps, in a school located in the same city (Sa˜o Paulo) and district (Butanta˜).
Two cameras were used to create videos for the analyses (sagittal and frontal planes). Each camera was placed on a 1 -m high tripod. One camera was positioned perpendicularly, 3 m from the mean spot of the trajectory (sagittal plane). The other was set 2 m from the beginning or end of the trajectory (frontal plane; Carvalho et al., 2015) . We asked the child to walk for the trajectory and to return, to provide anterior and posterior views in 10 -m walking. In stair work, we asked the child to climb up the four steps and to stop. Then, we asked the child to turn and to climb down the same steps. Turning movements were not evaluated.
Compensatory movements scoring
Gait (Carvalho et al., 2015) and climbing steps (Fernandes, Caromano, Hukuda, Escorcio, & Carvalho, 2010) are activity domains of the Functional Evaluation Scale for DMD (FES-DMD). Previous studies showed that these assessment protocols of gait and stair work are reliable and responsive in patients with DMD (Carvalho et al., 2015; Carvalho, Voos, Albuquerque, Hukuda, & Caromano, 2017; Fernandes et al., 2010) . We obtained a compensatory movement score on the FES-DMD by counting and rating compensatory movements a child used (some movements are considered more severe and are thus scored more than 1 point; Martini et al., 2014 Martini et al., , 2015 . The gait domain data of the FES-DMD consists of stance (heel strike, loading response, midstance, terminal stance, and preswing), swing (initial swing, midswing, and terminal swing), and complementary (support, trunk and head alignment, and upper limbs movements) items (Carvalho et al., 2015) . The climb up and down steps domain of FES-DMD consists of preparation, propulsion, swing, and stance phases (Fernandes et al., 2010) .
The examiner observed the films of each child performing the tasks (walking, climbing up steps, climbing down steps). The software FES-DMD-DATA is used to display the task in slow motion, facilitating scoring of compensatory movements. The examiner completed an assessment chart about compensatory movements in FES-DMD-DATA. After that, the software automatically provided the total and partial scores and generated a brief report with all scores (Albuquerque, Caromano, Voos, Favero, & Farcic, 2016) . The total score was the sum of the scores of all domains of the activity. There was one total score for each activity: walking, climbing up, and climbing down steps.
Timed Performance Scoring
FES-DMD-DATA was also used to digitally measure timed performance. Children who could not perform or finish the task received the maximum (poorest) score of 30 for compensatory movements and 120 seconds for time. This maximum scoring was based on previous pilot studies (Martini et al., 2014 (Martini et al., , 2015 . The times of climbing up four steps and the times of climbing down four steps are registered separately.
Time measurement of stair work starts when the child (who is standing with feet together, toes 5 cm from the first step edge, shoulders in neutral position, and elbows in extension) starts moving the limb to climb up or down the first step. The task finishes when both feet are on the last step. In 10 -m walking, the 10 -m distance is determined by two lines on the floor. Time measurement starts when one of the limbs crosses the first line and finishes when both limbs cross the second line.
Statistical Analysis
Descriptive analysis included means, standard deviations, minimums and maximums of timed performance, and compensatory movements in each activity (walking for 10 m and climbing up and down four steps). Normality of data distribution was tested by Kolmogorov-Smirnov test and homoscedasticity by Levene test. To describe interactions and associations between the categorical variables with significance testing, we used the generalized linear model (GLM) analysis. GLM can analyze the simultaneous effects of multiple variables, including mixtures of categorical and continuous variables, which is the case of the present study.
GLM was used to compare the means of timed performance of two groups (DMD and control), who performed three tasks (walking, climbing up, and climbing down) in three timed intervals (A0, A6, and A12). GLM also compared the means of compensatory movements of two groups (DMD and control), who performed three tasks (walking, climbing up, and climbing down) in three timed intervals (A0, A6, and A12). Post hoc Tukey tests were used when necessary to compare specific assessments or groups. Significant differences were those with p < .05. The software Statistica 13.0 was used in all analyses (http://www.stat soft.com.br/download.php).
Results
Descriptive analyses (means, standard deviations, minimums, and maximums) of timed performance and compensatory movements in each activity (walking for 10 m and climbing up and down four steps) for each assessment interval are displayed in Tables 1 to 3. The GLM compared the means of timed performance of two groups (DMD and control), who performed three tasks (walking, climbing up, and climbing down) in three time intervals (A0, A6, and A12) and showed a significant main effect, F(1,68) ¼ 5.41; p < .001. There was a significant interaction between groups and tasks, F(2,136) ¼ 16.14, p < .001, and Tukey's post hoc tests showed that the DMD group took longer than the control group to climb up (p < .001) and down steps (p < .001). Tukey's post hoc tests further showed that the DMD group showed no significant difference in the times of walking, climbing up, and climbing down steps. In the control group, climbing up (p < .001) and climbing down steps (p < .001) showed shorter times than walking (Figure 1) .
The GLM compared the means of compensatory movements of two groups (DMD and control), who performed three tasks (walking, climbing up, and climbing down) in three timed intervals (A0, A6, and A12). There was significant difference in the number of compensatory movements of the three tasks performed by the two groups, with main effect F(1,68) ¼ 11.91, p < .001. Children with DMD employed more compensatory movements than the control group. There was an interaction between groups and tasks, F(2,136) ¼ 11.01, p < .001. Tukey's post hoc test showed that the DMD group performed more compensatory movements on walking (p < .001), climbing up (p < .001), and climbing down steps (p < .001). In the DMD group, there was a significant difference between the number of compensatory movements on walking (p < .001), climbing up (p < .001), and climbing down steps (p < .001). In the control group, there was no difference between the number of compensatory movements on the three tasks (Figure 2) . 
Discussion
The present study described and compared the timed performance and compensatory movements of walking, climbing up, and climbing down steps in children with DMD and controls. Children were followed for 1 year at six-month intervals. The dual assessment of timed performance and compensatory movements provides dynamic clinical measures of motor efficiency. Timed performance and compensatory movements are influenced by muscle weakness and range of motion in the joints, which impact postural stability (Carvalho et al., 2015; Fernandes et al., 2010; Martini et al., 2014 Martini et al., , 2015 .
Timed Performance
Boys with DMD showed longer times to climb up and down steps than did controls ( Figure 1 , Tables 2 and 3 ). Previous studies showed that children with DMD take longer to perform functional activities than healthy children, due to muscle weakness (Bendixen, Lott, Senesac, Mathur, & Vandenborne, 2014; Carvalho et al., 2015; Martini et al., 2015; Mazzone et al., 2013 in the timed performance of DMD and control groups in 9 -m running and standing from the ground. The present study complements this finding, because it shows that there was no significant difference between DMD and control groups in timed performance for walking, but did reveal differences in climbing up and down steps. Bendixen et al. (2014) showed that boys with DMD take longer to climb up and down steps and to stand up from the ground. Taken together, the present study and the studies by Bendixen et al. (2014) and Beenakker et al. (2005) show that gait cannot be evaluated in isolation for children with DMD. As children with DMD age, their movements tend to differ from typically developing children. As muscle weakness progresses, children with DMD employ more compensatory movements when they walk, which is usually associated to time increment. A critical period is the 8 -to 9-year-old age-group when children with DMD tend to lose gait functioning (although compensatory movements can be seen from 2 to 3 years of age). In the present study, children with DMD employed more compensatory movements than controls in all assessments. Although children with DMD did not show longer times than controls in the initial assessment, they significantly differed from controls after 6 and 12 months (Table 1) . The control group was faster climbing up and down steps than walking. They employed phasic postural adjustments, not presented in children with DMD who have lower muscle fiber availability. Another study found that healthy children used eccentric muscle control and employed fast and dynamic muscle recruitment (McFadyen & Winter, 1988) . It would seem that children with DMD in the present study could not recruit antigravity muscles as healthy children did. As a result of muscle weakness progression, falls and injuries can make children with DMD insecure (Martini et al., 2014) . Thus, they gradually take more time to walk and climb steps, as they must select alternative motor synergies (Martini et al., 2014; Nazifi et al., 2017) . This fact explains the interaction between our groups: The control group became faster as they changed from walking to climbing up and down steps, while the DMD group became slower when shifting between these activities because they could not count on eccentric and phasic control.
Compensatory Movements
Children with DMD showed more compensatory movements than the control group (Figure 2, Tables 1 to 3 ). Within groups, the control group showed no differences in their numbers of compensatory movements on walking, climbing up, and climbing down steps. However, the DMD group showed more compensatory movements when walking than when climbing up and down steps. Children with DMD were able to use upper limb support (and even trunk support) on the handrail for stair work but not when walking.
D'Angelo et al. (2009) described walking with increased pelvic anteroversion and lumbar hyperlordosis in children with DMD (mean age ¼ 7.0 years). They attributed such alterations to a combination of hip extensors weakness and hip flexors shortening. In addition, knee hyperextension on load response, due to weakness of knee extensors, may help maintain stability (Rideau et al., 1995) . Hip flexion and abduction increase on swing compensated for ankle dorsiflexors weakness, resulting in plantar flexion (Carvalho et al., 2015; Gaudrealth et al., 2009; Martini et al., 2014) . DMD progression is also seen by step length reduction and increased base of support, as a strategy to improve balance (Martini et al., 2014) . Conversely, higher cadence is observed to preserve gait speed (Martini et al., 2015) .
After muscle weakness, muscle shortening and joint contractures are the most important factors affecting locomotion of children with DMD (Carvalho et al., 2015; Gaudrealth et al., 2009) . To prevent such impairments, orthoses are prescribed to maintain or increase muscle flexibility. When necessary, surgery is indicated to elongate tendons, minimizing the negative effect of contractures and preserving gait in children with DMD (D'Angelo et al., 2009) . However, some studies have shown that contractures can be beneficial for gait preservation (Rideau et al., 1995) . Therefore, treatment must be individualized and involve compensatory movements and goniometric evaluation (Carvalho et al., 2015; Fernandes et al., 2010; Martini et al., 2014 Martini et al., , 2015 .
In our study, children with DMD increased the base of support while climbing steps, consistent with others who found that handrail support decreased the demand of eccentric muscle contraction in climbing steps and resulted in a lower number of compensatory movements than in walking (Martini et al., 2014 (Martini et al., , 2015 Rideau et al., 1995) . Children with DMD bent toward the handrail to increase support on upper limbs and reduce the load on lower limbs. As DMD progressed, the activity became less functional and less efficient, with high risk of falls. Therefore, children increased time gradually (until the activity could not be performed), but the compensatory movements did not increase so expressively.
Timed Performance Versus Compensatory Movements
The comparison between timed performance and compensatory movements on each task (Figures 1 and 2) showed that timed performance was not constantly related to compensatory movements in locomotion tasks. In general, the number of compensatory movements varied more than the timed performance. Children can increase the number of compensatory movements, depending on task difficulty and environmental demands, keeping similar times. Tasks showing more compensatory movements, such as walking, do not necessarily take longer times.
It is possible to infer that the compensatory movements of the children with DMD were efficient as aids to walking in the first assessment. In the present study, in which patients with Vignos 1-3 (Vignos et al., 1963) participated, the timed performance of the DMD and control groups did not differ in the first assessment. However, timed performance can be longer (and less efficient) in patients with higher Vignos classifications, as observed in past studies (Fernandes et al., 2014; Martini et al., 2015) and in the present study (timed performance got longer as DMD progressed).
Both Carvalho et al. (2015) and Martini et al. (2015) found correlations between the number of compensatory movements and the timed performance on 10 -m walking. Fernandes et al. (2014) found that timed performance correlated with the number of compensatory movements on climbing up and down steps. These studies show that for samples of ambulatory children with DMD with higher clinical variability (Vignos 1-6) timed performance and compensatory movements are correlated. However, when less severe patients are included, there may be high variability in compensatory movements in locomotion tasks, without the same variability in performance time, as seen in the present study. Fernandes et al. (2014) investigated the correlation between timed performance and compensatory movements in climbing steps in younger children with DMD (mean age ¼ 7 years). On climbing up steps, timed performance was strongly correlated to compensatory movements (r ¼ .83); but, on climbing down steps, the correlation was weaker (r ¼ .40). Children needed longer times to climb up steps, compared with step descent. Although climbing down steps required higher eccentric control, children tended to accelerate their center of mass forward without increasing time. In the present study, with an older sample (mean age ¼ 10 years), children with DMD had more difficulty climbing steps. The motor behavior on climbing up and down steps was similar, with a significant increase in timed performance but a less expressive increase on compensatory movements over the course of one year. Longer timed performance reflects more careful environmental analysis and safer decision-making, as children selected the most stable postural strategy possible.
Gait is a key component of DMD clinical progression (Henricson et al., 2013) , giving it high functional relevance for children and parents. It must be stimulated until it reaches safety limits (the risk of falls, fractures, and fatigue must be considered) and until it is efficient (considering timed performance and compensatory movements). A child's individual assessment for locomotion in 10 -m walking and climbing up and down steps will help make clinical decisions regarding the need for prescribed exercises or orthotic devices (e.g., orthoses or wheelchair for longer distances) to minimize postural impact. As a limitation of the present study, we must mention that although reliable and valid, FES-DMD is a clinical observation scale. Future studies should investigate and compare walking and climbing up and down steps with biomechanical analyses to provide more detailed quantitative data about compensatory movements.
To sum up, among children who were 9-10 years old, we found no difference between DMD and control groups in the initial assessment of timed performance for walking. However, we did find that children with DMD were slower than controls after 6 and 12 months. In climbing up and down steps, a significant difference in timed performance was observed since the first assessment, in a 12-month follow-up. Children with DMD employed more compensatory movements in all functional tasks, especially walking, and these compensatory movements helped children with DMD maintain gait efficiency, keeping up with the speed or pace of the control group. However, the increase in compensatory movements was not associated with as quick a pace when climbing up and down steps. For this activity, even with the increase in the number of compensatory movements, children in the DMD group showed slower timed performances than those in the control group.
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